ABSTRACT: It is counterintuitive that invertebrate shells can induce bone formation, yet nacre, or mother of pearl, from marine shells is both osteoinductive and osteointegrative. Nacre is composed of aragonite (calcium carbonate) and induces production of vertebrate bone (calcium phosphate). Exploited by the Mayans for dental implants, this remarkable phenomenon has been confirmed in vitro and in vivo, yet the characteristic of nacre that induces bone formation remains unknown. By isolating nacre topography from its inherent chemistry in the production of polycaprolactone (PCL) nacre replica, we show that, for mesenchymal stem cells, nacre topography is osteoinductive. Gene expression of specific bone marker proteins, osteopontin, osteocalcin, osteonectin, and osterix, is increased 10-, 2-, 1.7-, and 1.8-fold, respectively, when compared to planar PCL. Furthermore, we demonstrate that bone tissue that forms in response to the physical topographical features of nacre has a higher crystallinity than bone formed in response to chemical cues with a full width half-maximum for PO 4 3− Raman shift of 7.6 ± 0.7 for mineral produced in response to nacre replica compared to a much broader 34.6 ± 10.1 in response to standard osteoinductive medium. These differences in mineral product are underpinned by differences in cellular metabolism. This observation can be exploited in the design of bone therapies; a matter that is most pressing in light of a rapidly aging human population.
A ragonite and calcite are the two calcium carbonate polymorphs that constitute the shell of molluscan bivalves conferring strength and resilience due to the nano-and microstructural assembly of the overall architecture. 1 A small percentage of the invertebrate shell constitutes the organic matrix 2, 3 which is responsible for the intricate processes of nucleation, growth, and inhibition of calcium carbonate crystals resulting in the well-defined shell structure. 4−8 The discovery of fully integrated shell dental implants in Mayan skulls 9 initiated a number of studies showing that nacre, or mother of pearl, the aragonite calcium carbonate polymorph derived from the pearl oyster Pinctada maxima has good osteointegrative properties in vivo. 10−13 Further exploration of this phenomenon in human jaw reconstructions and sheep femur implants 10, 11, 14 confirms the osteointegrative properties of invertebrate shells. In addition, nacre initiates osteogenic differentiation in mesenchymal stem cells (MSCs) in vitro. 15−17 This observation has led to a number of studies in which nacre and its chemistry have been incorporated into the design of existing biomaterials to induce bone formation. 15,18−20 MSCs can be induced into undergoing osteogenesis in vitro by the use of preformulated soluble factors in the culture media, 21−25 chemically defined surfaces, 26, 27 substrate matrix elasticity, 28−34 and the surface topography of the substrate. 35−39 These approaches induce osteogenesis when presented in isolation or in combination. 30, 40, 41 When these cues are presented in combination, surface patterning plays an important role and topography can have a stronger influence on cell behavior when presented with effective surface chemistries. 42, 43 In vertebrate and invertebrate systems, the main requisites for forming hard tissue or biomineral structures are calcium phosphate and calcium carbonate, respectively, both of which are assembled in a variety of ways, generating an incredible amount of structural diversity. 44−49 This juxtaposition of phosphate and carbonate is described as the "bone-shell divide". 50 It is intriguing that mammalian cells respond to mineral on the shell side of the bone-shell divide, and this begs Average surface roughness (R q ) measured using digital elevation models from SEM images of the shell nacre region (D) and its equivalent replicated PCL regions (E). Replicated patterns of nacre show high fidelity to the original shell nacre. Measurements to determine average surface roughness (n = 6) were taken at random across (x) and along (y) terraces of nacre. (C) Gene transcription analysis of MSCs cultured on PCL replicas of nacre topography. Cells were cultured up to 2 and 5 weeks and then assessed for development along typical mesenchyme lineages (PPAR-γ, adipogenesis; MyoD, myogenesis; SOX-9, chondrogenesis; and OPN, osteogenesis). OPN expression levels increased over time on the nacre replica surfaces indicating osteogenic development. The dashed line represents the control (planar PCL) which is held nominally at 1. Error bars denote standard errors from the mean, and * indicates statistical significance compared to the planar substrate calculated using Mann−Whitney U test n = 6. (F) Immunofluorescence staining of MSCs cultured on planar PCL surfaces in the absence (Planar) or presence of osteospecific differentiating media (Planar + DM) as negative and positive controls, respectively. Cells cultured in differentiating media and on nacre replica topography showing increased expression of osteopontin (green) compared to undifferentiated cells on the planar substrate. Cells were also stained for cell nucleus (blue) and f-actin (red). Scale bars in (A) 3 cm, (D and E) 10 μm, and (F) 100 μm.
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Article questions such as which feature of nacre elicits this response, and in transcending the bone-shell divide, do MSCs produce bone of similar or superior characteristics to that induced by other means? Addressing these questions has important implications in tissue engineering and biomaterial applications, especially with regards to orthopedic applications where critical sized defects in trauma and reconstructive surgery demand large areas of intact bone usually acquired by creating a secondary injury site. 51 By isolating the topographical features of nacre from its inherent chemistry, we show that the osteoinductive properties of nacre arise from the patterning of the surface presented to MSCs. Importantly, separating nacre topography from its inherent chemistry enhances the osteogenic response. In this report we dissect out the contribution of topography to nacre bioactivity.
RESULTS
Surface Topography of Pinctada maxima Promotes in Vitro Osteogenesis of MSCs. The topographical features of nacre from Pinctada maxima ( Figure 1A , D) were replicated on the polymer polycaprolactone (PCL) ( Figure 1E ) using an inverse pattern of the shell cast in polydimethylsiloxane (PDMS). Three-dimensional (3D) stereo scanning electron microscopy (SEM) was used to image the surface features of both nacre and its PCL replica. Stereo SEM images and digital Figure 2 . Osteogenic development of MSCs differentiated using nacre, nacre replica, NSq50, OIM, and CS. (A) Total phosphate concentrations measured from each sample set show elevated phosphate concentration in all five test groups compared to undifferentiated cells (−/−), indicating the occurrence of mineralization processes in each group. Differentiated cells were subsequently stained for osteocalcin (green), which was observed on all of the test substrates apart from the planar controls (B). Metabolites obtained from MSCs cultured in each test group were assessed to profile cell behavior. (C) PCA indicates that, although all test groups undergo osteogenesis, the cells show distinct metabolic behaviors in the different scenarios. (D) Pairwise comparison between MSCs differentiated shows closer similarities in metabolism when differentiated using soluble ligands/chemistry (OIM and CS) than when using divergent surface topography (Nacre replica and NSq50), showing that using topography to induce differentiation has more diversified cell behavior when reacting to their microenvironment than when responding to chemical cues (n.d, not detected; n.s, not significant). (E) Metabolite masses that contribute to the loading plots used for PCA analysis (explaining the variances between groups) were mapped to known metabolic pathways giving information on which pathways are altered between groups. Error bars in (A) denote standard deviations from the mean; * indicates statistical significance compared to the control (p < 0.05) calculated using the Kruskal−Wallis test, followed by Dunn comparison, n = 6. Fluorescently stained cells in (B) were also stained for cell nucleus (blue) and f-actin (red). Scale bar, 100 μm.
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Article elevation modeling were used to quantify the surface roughness of nacre and its PCL replica ( Figure 1D , E). Mean surface roughness measurements (n = 6) of nacre and the nacre replica surface averaged at 221.8 ± 19 nm and 235.1 ± 47.9 nm, respectively, showing no significant difference between the original and replica surfaces ( Figure 1B ). This high fidelity of the replica of nacre topography replica confirms good pattern transfer.
PCL replicas were used for cell culture and assessed for gene transcription levels of typical mesenchyme lineages in the MSCs (planar PCL substrates were used as a negative control). Mesenchyme markers used to determine whether MSCs cultured on the nacre replica undergo differentiation were PPAR-γ for adipogenesis, MyoD for myogenesis, SOX-9 for chondrogenesis, and osteopontin (OPN) for osteogenesis. Gene expression (n = 6) was quantified after 2 and 5 weeks in culture ( Figure 1C) . At 2 weeks, no activity was observed for PPAR-γ and SOX-9 compared to the planar substrate. However, an increase in MyoD and OPN expression was noted at this time point. MyoD expression was not sustained at 5 weeks, and only OPN showed a time dependent increase in gene expression, suggesting that the MSCs had primarily undergone osteogenic development ( Figure 1B) .
Elevated gene expression of three additional osteogenic markers, osteocalcin (OCN), osteonectin (ONN), and osterix (OSX) (Figure S1 ), confirmed osteogenic development.
Immunofluorescent labeling of OPN in cultured cells on planar and nacre replica PCL is further confirmation of osteogenesis as cells cultured on the nacre replica stained positively for OPN, supporting the PCR findings ( Figure 1F ). These data demonstrate that the topographical feature has an important role in the osteoinductive capacity of nacre.
Osteogenic Phenotypes Are Altered According to Differentiation Persuasion. While increased expression of gene markers indicates osteogenic development, it does not provide any insight into the type of bone matrix being developed. To investigate this, we used a metabolomics-based approach to study the subphenotype adopted by the cells differentiating on the nacre replica substrate compared to those developing on nacre.
As there are a number of methods available to induce bone production in MSCs, we expanded the survey to include osteogenic differentiation by other physical and chemical cues. We included the near squared disordered pit array (NSq50− 120 nm diameter pits with 100 nm depth and 300 nm center− center spacing in a square lattice with a ± 50 nm offset from center position) substrate as used previously by Dalby et al., 36 as an additional physical cue. The more commonly used osteogenic induction medium (OIM), constituting dexamethasone and ascorbate-2-phosphate, and cholesterol sulfate (CS) which has been shown to induce MSCs to undergo Raman spectra of bone and undifferentiated MSCs describing regions used to assess differences in cell matrix features in (B) as they undergo topographically (nacre replica and NSq50), chemically (OIM and CS) and nacre-induced osteogenesis. Each region showed significant difference from the controls (MSCs and bone), suggesting that there are distinct differences between cellular lipid and protein content. Error bars in (B) denote standard deviations from the mean; * and § indicate statistical significance compared to the MSCs and bone, respectively, (p < 0.05) calculated using the Kruskal−Wallis test followed by Dunn comparison; n = 18.
Article osteogenesis 15, 16, 25, 36 were included as additional chemical cues (n = 6).
Nacre, nacre replica, NSq50, OIM, and CS all successfully induced osteogenic differentiation of MSCs as indicated by the increase in total phosphate concentrations and positive fluorescent staining for osteocalcin after 3 weeks in culture (Figure 2A , B). Metabolomics data from all five scenarios were analyzed by principal component analysis (PCA) to identify differences in metabolomic response.
PCA shows neat clustering of the replicate samples for each scenario indicating good reproducibility. For each of the five scenarios, the metabolomic response was distinct, suggesting that each scenario had a different outcome on cellular subphenotype. Importantly, PCA analyses of metabolomics data separate out the response according to the manner by which the cells are differentiated, i.e., topography, chemistry, or combination ( Figure 2C ). Cells cultured on nacre were grouped separately from those differentiated on the nacre replica and the NSq50 substrate (topography). In turn, cells differentiated using these substrates also grouped separately from cells differentiated using OIM or CS (soluble chemistry).
Pairwise comparisons between the topographic substrates (nacre replica and NSq50) and chemically induced (OIM and CS) MSCs indicate that metabolomic response to these chemical cues is more similar to each other than the responses to the physical cues (nacre replica and NSq50) ( Figure 2D ). Of the total number of metabolites detected, 44% were significantly different from each other from MSCs differentiated using CS and OIM, while the difference is 67% from cells responding to topographic cues of nacre replica and NSq50 ( Figure 2D ). It is likely that the higher phenotypic similarity between MSCs that are chemically induced to undergo osteogenesis is due to the fact that OIM and CS are corticosteroids (synthetic dexamethasone and the naturally occurring cholesterol sulfate), which act by recruiting a common signaling pathway (TGFβ). 22, 38, 52, 53 An estimate of how much a metabolite contributes to the PC can be determined from the data loadings ( Figure S3 ), as such, metabolites that contribute to the observed differences between sample sets can be identified. Metabolites were collated from the loading plots of the first three components and mapped to known metabolic pathways ( Figure 2E ). 54 The largest number of matched hits was for ascorbate and aldarate metabolism, phenylalanine, linoleic, and arginine, and proline metabolism. Notable contributions came from metabolites attributed to ascorbate and proline metabolism, suggesting variation in collagen production and thus differences in cell matrix features. 55−58 Although ascorbate is instrumental in collagen production, it is expected that the variance observed with ascorbate metabolism has been somewhat biased by the inclusion of ascorbate-2-phosphate as a component of the OIM culture media. Linoleic acid metabolism, which contributes to the differences noted between sample types, is known to play an important role in bone development 59−61 as well as acting as precursor for a class of broad range cell membrane signaling molecules (eicosanoids), inferring significant differences in cellular regulation. 60 Irrespective of the differences in metabolic response, all five scenarios induced osteogenesis in the MSCs, suggesting that all scenarios are likely to produce a distinct type of bone tissue as a result of separate intracellular processes adopted. To investigate this, analysis of the resultant bone tissue was performed using Raman spectroscopy.
Assessment of Bone Properties Produced by MSCs
Differentiated Using Physical and Chemical Cues. The Raman spectra of undifferentiated MSCs do not show any evidence of ν 1 PO 4 3− symmetric stretching at 959 cm −1 ( Figure  3A) . The Raman spectra of all samples are dominated with protein features inclusive of skeletal C−C stretch at 936 cm −1 , amide III band at 1240 cm −1 , amide band I at 1660 cm −1 , and CH 2 deformation at 1440 cm −1 ( Figures 3A and S4 ) which are also used to identify cell organic and bone content (Table 3) . Raman shifts indicative of lipids and phospholipid content are also observed at 1575, 1065, 1127, and 1300 cm −1 . Spectral features describing the cellular matrix were different in each of the five induction scenarios (n = 6 per group) ( Figure S4 ). These features are also used to describe the quality of the bone tissue 62, 63 that is ultimately formed such as the mineral/matrix ratio, so analyses to describe the matrix features were carried out by sectioning the Raman shift into four main regions, each describing a set of known band assignments for the matrix component ( Figure 3A, B) . The area under the curve (AUC) for each section was used as, in some cases, poor spectral resolution, and overlapping of some bands makes it difficult to accurately isolate individual Raman shifts. As expected, the AUC overall for mature bone was less than that measured for MSCs indicative of the cell samples constituting higher protein and glycoprotein content than bone itself.
In agreement with other studies, 62 with the exception of the presence of ν 1 (PO 4 3− ) stretch at 959 cm −1 , no significant spectral changes to the matrix properties were observed when compared to undifferentiated cells (Figures 3 and S4) .
Region 1 constitutes collagen proline and hydroxyproline species at 853, 872, and 920 cm −1 and is therefore indicative of changes that occur in collagen production. All samples showed a significant difference from mature bone in this region indicative of the much higher cell populations and organic material within the cell culture systems than is found in the bone tissue. Cells cultured on the nacre replica substrate showed the most significant change for this region, which is mainly dominated by the hydroxyl proline peak at 853 cm ), as well as collagen and hydroxyproline. 64−69 The topographical substrates, CS and nacre, showed an increase in peak areas compared to both control sample sets. The dominant features within this region were the peaks at 1060 cm −1 (proteoglycan) and 1127 cm −1 (phospholipids) for NSq50, CS, and nacre. In the nacre replica, the peak at 1127 cm −1 dominates, but a peak at 1060 cm −1 is also detectable ( Figure S4 ). In nacre, the carbonate peak at 1086 cm −1 , which characteristically defines the nacre shell, is also sometimes present and very prominent within this region indicating that nacre itself is at times assimilated into the bone nodule ( Figure  S5 ). The lipid shift between 1060 and 1200 cm −1 is different in each scenario. In some cases the lipid shift overlaps the CO 3 2− stretch indicative of B-type carbonate substitution in bone at ≈1070 cm −1 ( Figure S4 ). This overlap removes the possibility of obtaining carbonate to phosphate ratios for all samples.
Region 3, which is the most statistically different between substrates, defines glycosaminoglycans, lipids, and protein content as described within the amide III band (Table  3) . 62, 63, 67, 70, 71 AUCs for nacre, nacre replica, NSq50, and CS are substantially increased. Region 3 is the most spectrally different for CS and nacre replica. The amide III envelope, in most cases, is not easily resolved spectrally, and this is also the
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Article case for the controls, NSq50, OIM, and nacre. CS, however, shows good resolution for peaks describing α-helix protein structures at 1270 and 1340 cm −1 (CH 2 CH 2 wag). The latter peak dominates for nacre replica, while a smaller less resolved peak at 1240 cm −1 (amide III β-sheet) not present in CS can be seen. The lipid band δ(CH) at 1300 cm −1 indicating formation of fresh bone 67, 72 is also prominent on the nacre replica.
Region 4 includes the protein CH 2 deformation stretch at 1450 cm −1 and the amide I band, used as identifiers in this study (Table 3) , and both are present in all sample sets. In addition to the 1660 cm −1 peak that defines amide I, on nacre a shoulder peak at 1690 cm −1 is detected which suggests the presence of immature collagen cross-links. 73 The lipid peak at 1530 cm −1 is noted only on the nacre replica substrate. The analyses show that, although bone mineral is formed on all substrates, spectral features of the extracellular matrix show different lipid content and the presence of different secondary protein structures between the test samples.
The main definition of bone by Raman spectroscopy is the presence of a prominent phosphate peak ν 1 (PO 4 3− ) at ≈959 cm . Shifts about this wavelength position define poorly crystalline hydroxyapatite 63, 74 as well as the presence of nascent or immature bone species through the buildup of phosphate links ( Figure 4A) . 65, 75 Analyses of the ν 1 (PO 4 3− ) peak produced by MSCs differentiated on all substrates showed that each had properties specific to the method used to differentiate the cells into osteoblasts (Figure 4A, B) . In , indicating the presence of immature bone material and a continual turnover of bone mineral formation in these systems. 66, 75, 76 As expected, no instances of these were found in the mature bone itself, signifying the lack of resident bone cells that would otherwise maintain active turnover within the tissue. Similarly, this was not noted for nacre suggesting that osteogenic development on nacre is more homogeneous than on the other substrates.
Statistical analyses were carried out using only the mature (≈ 959 cm ) components in all scenarios using the same phosphate species. The full width at half-maximum (fwhm) of the phosphate peak indicates the degree of crystallinity of the bone tissue ( Figure 4B, C) . Short range disorders in crystallinity cause broadening of the ν 1 (PO 4 3− ) peak and decrease fwhm values. In contrast, low fwhm values indicate increased crystallinity of the bone. 74 The measured crystallinity (fwhm) of native bone tissue was 16.3 cm , which is in good agreement with previous Raman studies on bone tissue. 62, 71, 77 The fwhm values for the culture systems range from 7.6 cm −1 using the nacre replica to 34.6 cm −1 using osteogenic induction media ( Figure 4B, C) . The "immature" ν 1 (PO 4 3− ) species detected at ≈955 cm −1 typically measured as highly crystalline structures close to pure hydroxyapatite species (6 cm −1 ) which then become less crystalline as they mature and incorporate short-range disorder within the structure causing peak broad- 
Article ening. 74 The exception to this was bone tissue formed by cells on the nacre replica substrate, which retained crystallinity (7.6 cm −1 ) irrespective of the position of the detected ν 1 (PO 4 3− ) peak. Bone produced by cells cultured on nacre or using OIM was significantly less crystalline than native bone. Peak measurements for nacre were less variable than for OIM (21.0 ± 1.1 and 34.6 ± 10.1 cm −1 respectively), again indicating a more homogeneous bone tissue formation on nacre. While we report a fwhm value of 34.6 cm −1 in this study for MSC differentiation using OIM, it is noted that in the literature there is great variance and values have been reported from 16−92 cm −1 . 62, 71, 77 The reason for this variability is unknown and could be attributed to one or more variables such as slight differences in the media compositions, cell passage, or age/sex/ condition of the stem cell donor for example.
The mineral to matrix ratio was measured using peak intensities measured for the ν 1 (PO 4 3− ) peak at ≈959 cm −1 and the hydroxyproline peak at ≈853 cm −1 ( Figure 4B ). The ratio gives an insight into how much bone is present relative to the extracellular matrix. The highest ratio observed was for bone tissue at 11.4 phosphate:hydroxyproline, which is as expected. All other scenarios had between 1.1× and 5.9× more phosphate, which are comparable with other osteogenic cell culture observations. 62,71,77−79 Bone tissue has the highest mineral:matrix ratio, followed by cells on the nacre substrate at 5.9, then NSq50, and nacre replica with ratios of 2.85 and 1.75, respectively. Finally, chemically induced differentiation has ratios of 1.25 and 1.1 for CS and OIM respectively ( Figure 4B ).
DISCUSSION
When the topography of nacre is isolated from any chemical signal, topography alone is able to induce MSCs to undergo osteogenesis. Osteogenic development differs significantly between nacre and the topographical replica where the cells on the topography replica adopt separate metabolic function from those on nacre. Subsequently, differences in metabolism lead to formation of bone tissue that has significantly transformed extracellular matrix constituents and, most markedly, different tissue crystallization features where the cells on the topography maintain a higher crystalline characteristic than that of its nacreous counterpart, suggesting the formation of harder bone tissue. 80 The fact that the mineral:matrix ratio produced on nacre replica is not as high as on nacre may result from the innate material properties of nacre which could be readily addressed in future replica construction. Importantly, the crystallinity of the mineral is higher in response to nacre replica than to nacre or to any of the other cues, with the lowest value for full width at halfmaximum (fwhm) of the Raman shift. These findings warn against the use of a single measure of mineral quality and instead recommend the use of multiple measures as employed here.
Inclusion of additional osteogenic culture systems, that is, the use of NSq50 topographies and cholesterol sulfate or the more widely used dexamethasone supplemented media (OIM), helped to further describe the osteogenic process. The absence of chemistry from the cell culture system by presenting nacre replica and NSq50 had the overall effect of producing lower fwhm values of the ν 1 (PO 4 3− ) symmetric stretch, suggesting that cells cultured on topography alone produced more crystalline bone than those presented with chemistry ( Figure  4 ). The presence of a peak at 1086 cm −1 in bone nodules formed on the nacre substrate is also an interesting observation as it further supports previous studies that suggest assimilation of nacre into bone tissue structure, 10, 14 and this study shows that this can also be detected in vitro using Raman spectroscopy ( Figure S5 ).
Naturally occurring bone tissue is a heterogeneous structure formed from differences in mineralization rates and constant remodelling of the extracellular matrix by bone cells inevitably leading to differences in mineral density, composition, and collagen content. 63, 79, 81 It is noteworthy to mention that assessments of bone tissue in vivo have reported that higher crystallinity may be associated with brittle bone, 79, 82 but this is also dependent on the interactions with the aforementioned properties. Studies by Bi et al. have shown that the mineral:matrix ratio when the proline or amide III Raman shift is used have a direct correlation with the mechanical properties of bone. 83 The results thus predict that the less crystalline nodules obtained using chemical cues would be weaker bone than those formed on the topographies. From our data, we could predict that nacre, as a combination material, should have the highest strength of template new bone.
The ability of nacre topography to induce osteogenic development in stem cells is a characteristic that is advantageous in tissue engineering applications, as patterns can be transferred with high fidelity onto polymer substrates for implantation, which are time and cost effective as well as enabling manufacture on a large scale.
CONCLUSIONS
Although previous studies have revealed that nacre is an effective osteoinductive and osteointegrative material, this study shows that nacre topography alone is osetoinductive since MSCs are successfully differentiated along this lineage using only the nacre replica. We demonstrate that subtle differences in the nanoscale environment affect cell behavior and, in this case, with respect to bone mineralization, generates a significant effect on the quality of the tissue produced. By comparing bone formation obtained using a nacre topography replica to established methods for osteogenesis induced by topographic and chemical means, we were able to demonstrate that although osteogenic development of MSCs occurs in all systems, there are distinct differences in the cell activity that correlates with the type of stimulus used to induce differentiation. These differences subsequently affect the quality of the deposited bone mineral, illustrating that the topographical technique produces bone of better quality. This aspect could be incorporated into tissue engineering and biomaterial design for application in orthopedics and osteoarthritis research where bone enrichment is fundamental.
METHODS/EXPERIMENTAL SECTION
Cell Culture. Mesenchymal stem cells (purchased from Promocell GmbH (human, from bone marrow)) were expanded and cultured in standard culture media (DMEM (PAA Laboratories) supplemented with 10% v/v fetal bovine serum (FBS) and 2% v/v antibiotic mix (60% v/v L-glutamine, 35% v/v penicillin streptomysin, and 5% v/v ampotericin B)) on the appropriate substrate used for normalization or as negative controls. These were planar polycaprolactone (PCL), polycarbonate, or tissue culture well plastic. Cells used for Raman spectroscopy were plated at a density of 2 × 10 5 , and cells used in all other experiments were done using approximately 1 × 10 4 . Culture plates were incubated under humidified atmosphere of 5% CO 2 at 37°C
, and the media were replaced twice weekly for the duration of the experiments.
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Article Osteogenic Differentiation. Mesenchymal stem cells were induced into undergoing osteogenic development using a number of methodologies. These can be class broadly into three groups (Table  1) : Soluble Chemistry. MSCs were induced to osteogenesis in this manner using two separate cell culture supplements. The first, osteogenic induction media (OIM) was made as described and is used extensively in experiments by supplementing the cell culture media with 10 nM dexamethasone and 100 μg/mL ascorbate-2-phosphate. 23, 25 The second makes use of the cell culture medium supplemented with 1 μM cholesterol sulfate as reported previously. 53 Substrate Topography. Electron beam lithography (EBL) was used to fabricate nanoscale near disordered (NSq50) substrates comprising arrays of 120 nm diameter pits of 100 nm depth and average 300 nm pitch in a square arrangement. Random displacement, of up to ±50 nm in X and Y from the highly ordered arrays, was introduced while maintaining an average 300 nm pitch, as previously described by Dalby et al.
36
Nacre replica: Inverse patterns were fabricated in polydimethylsiloxane (PDMS stamps) by pouring a 1:10 PDMS mixture (degassed prior to use) neatly onto the shell and curing at 60°C for 1 h. Replicas were then subsequently made using polycaprolactone (PCL) beads which had been washed in methanol and allowed to air-dry. These were melted at 80°C on a hot plate, and the PDMS stamp was pressed into the molten PCL. Samples were then removed and allowed to cool to room temperature, thus allowing the PCL to solidify. The stamp was then peeled away from the PCL generating a positive replica of the nacre surface. Planar or unpatterned control surfaces were made by compressing molten PCL between two clean unpatterned glass slides and cooled at room temperature to solidify before removing from the glass slide.
Combination Material. Nacre was obtained from the pearl oyster Pinctada maxima kindly contributed by Patrick Moase and Clipper Pearls Pty Ltd. Shells were cut to approximately 2 cm 2 sizes for cell culture. Substrates were sonicated for 10 min and washed in 70% ethanol prior to cell seeding.
Scanning Electron Microscopy and Digital Elevation Modeling. Fractured shell sections and their PCL replicate sections were fixed to SEM stubs and coated with a thin layer of carbon prior to imaging. Pattern fidelity of replica substrates was assessed using SEM, taking two images at 0 and 5°stage tilt. From these, 3D images were created using digital elevation modeling (DEM). SEM imaging and DEM were carried out on a Quanta 200 (FEI) scanning electron microscope and Alicona Mex 5.1 software in the Imaging, Spectroscopy and Analysis Centre (ISAAC) at the School of Geographical and Earth Sciences at the University of Glasgow. Surface roughness was calculated as the deviation from the averaged baseline.
Phosphate Quantification Assay. Phosphate quantification was performed using an assay kit from Abcam. The method was slightly modified from the manufacturers' protocol and is summarized below. Samples used for Raman spectroscopy were also used to perform this assay. Twenty μL for each test sample was aliquoted into a 96-well plate, and 3 μL of the phosphate reagent added to each well. Samples were then incubated at room temperature for 30 min, and the absorption was read at a wavelength of 650 nm using a Nanodrop 2000c spectrometer (Thermo Scientific, UK). A standard curve was made using a phosphate standard from which total phosphate content was calculated. Samples that were over the linear range of the standard curve were subsequently diluted to obtain readings that fall into the linear range.
RT-PCR. Cells cultured for 2 and 5 weeks had RNA retrieved using RNeasy micro kit (Qiagen), and the protocol was carried out as per manufacturers' instructions. Reverse transcription to obtain cDNA was done using Quantitech reverse transcription kit (Qiagen) for all samples, also according to the manufacturers' protocol. Amplification by qRT-PCR was done using human specific primers (Eurofins MWG Operon) detailed in Table 2 . PCR was carried out using a 7500 real time PCR system and software (Applied Biosystems). Samples had a total reaction volume of 20 μL containing 2 μL of diluted cDNA, where each reverse and forward primer at a final concentration of 100 μM and analyzed using SYBR green chemistry (Qiagen). For PCR amplification samples were held at 50°C for 2 min, then 95°C for 10 min, and then amplified using 95°C for 15 s and 60°C for 1 min for 40 cycles. The specificity of the PCR amplification was checked with a heat dissociation curve (measured between 60 and 95°C) subsequent to the final PCR cycle. Gene expression levels were standardized using GAPDH as an internal control. Quantification analysis was performed using the comparative ΔΔCt method 84 and gene expression expressed as fold change relative to the control sample.
Samples were assayed in quadruplicate, and gene expression was expressed as mean ± SEM.
Immunofluorescent Microscopy. Glass coverslip and PCL substrates used for fluorescence imaging were rinsed once in PBS and fixed at 37°C for 15 min. They were then permeabilized and blocked using 1% BSA in PBS. Following this, cells were then incubated at 37°C for 1 h with rhodamine-conjugated phalloidin and the required primary antibody. After 1 h, cells were washed three times for 5 min with 0.5% tween in PBS (cells cultured within substrates were washed for 15 min to ensure removal of excess antibody from the hydrogels) and incubated for 1 h at 37°C with the corresponding secondary antibody. Cells were again washed three times with 0.5% tween in PBS as required, incubated at 4°C for 30 min with streptavidin conjugated FITC, and washed again as before after the incubation time elapsed. Samples were then mounted onto a drop of Vectashield-DAPI (a glycerol-based mounting medium for preserving fluorescence containing DAPI for nucleic acid staining) on a microscope slide. For biomaterial substrates, Vectashield-DAPI was diluted in PBS and added to the well plates. All samples were stored at 4°C wrapped in foil to protect from photobleaching until ready for viewing under a microscope.
Cellular Metabolomics. Metabolite extraction from cells cultured in the five scenarios and control samples at 1 and 4 weeks were carried out on ice using ice cold chloroform:methanol:water (1:3:1, v/v) by agitating on a shaker for 1 h and then incubating at 4°C for 1 and 4 weeks. Samples were centrifuged to sediment debris. An aliquot (10 
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Article μL) of the supernatant was injected into the LC-MS system. The LC separation was achieved using hydrophilic interaction chromatography with a ZIC-pHILIC 150 mm × 4.6 mm, 5 μm column (Merck Sequant), operated by an UltiMate 3000 RSLC liquid chromatography system (Thermo Fisher Scientific, UK). The LC mobile phase comprised 20 mM ammonium carbonate in water (A) and acetonitrile (B). A linear gradient of the mobile phase was run at a linear gradient for 15 min from 20% to 80% A, maintained at 5% A for 4 min, and then re-equilibrated to 20% A. An Orbitrap Q-Exactive (Thermo Fisher Scientific, Hemel Hempstead, UK) was used for mass spectrometric detection within the mass range m/z 70−1050 in polarity switching mode. Chromatographic peak selection and metabolite identification used our in-house XCMS/MzMatch/ IDEOM pipeline. 85, 86 Measured peak intensities by LC-MS were normalized against protein content as measured using the Bradford assay as detailed previously. 87 Metabolite identification used a set of standards to define mass and chromatographic retention times. Putative metabolites were also identified on this basis by using predicted retention times as described by Creek et al. 88 Peak intensities were normalized to total protein content of each sample set (n = 6), and ratios of each metabolite mass were calculated relative to undifferentiated MSCs as a basal control. Ratios were then used for subsequent statistical analyses.
Raman Spectroscopy. Due to the method used to induce some of the MSCs to undergo osteogenesis (i.e., use of patterned substrates and nacre in particular), cells attached to their substrates could not be analyzed directly using the Raman spectrometer. Alternatively, the cells and their ECM were removed from each substrate by gently scraping them away and allowing dispersion into the culture media. This was then centrifuged, the supernatant was removed, and the pellet resuspended in 50 μL of a 4% fixative solution. Five μL of the sample was then spotted onto a CaF 2 substrate, allowed to air-dry, and then used to obtain Raman spectra. Spectra were obtained after cells had been differentiating in culture for 3 weeks using a Renishaw inVIA spectrometer connected to a Leica microscope and using a 785 nm laser. The laser beam was focused through a 100× lens objective, and all samples were collected at this magnification. Spectra were collected over the Raman wavelength of 700−1750 cm −1 using a 30 s exposure at 50% laser for each data point. A total of 18 replicates were measured. Data were normalized using a multipoint baseline correction, and curve fitting was applied using the WiRE 4.0 software. Spectra were inspected for the presence of a number of diagnostic peaks which are typical of bone tissue (Table 3) . 63, 67 Values obtained for mineral/matrix ratios were ascertained using the intensities from the phosphate and hydroxyproline band, as intensity readings at specific wavelengths are less prone to correction errors. Comparisons between the protein and lipid profiles however were carried out using the area under the curve or peak area, as these take into account contributions from a wide range. Statistical Analysis. Multivariate principal component analysis was carried out using Metaboanalyst 3.0. 89 Univariate analysis−one way ANOVA followed by Tukey's posthoc and two tailed pairwise comparisons were carried out using GraphPad Prism software (version 6.03). Statistical analyses were carried out using at least four replicate samples.
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